Magnetic, transport, thermal, and crystallographic properties are reported for single crystals of CeRhSn crystallizing in the hexagonal ZrNiAl-type structure. We found high anisotropy in both electrical resistivity ( a Ϸ5 c at 70 K͒ and magnetic susceptibility ( c Ϸ10 a at 0.4 K͒, which is atypical for a valence-fluctuating Ce compound. At low temperatures, (T) and (T) show power-law behaviors; a (T)ϰT 1.5 and c (T)ϰT, and a ϰT Ϫ0.35 and c ϰT Ϫ1.1 down to 0.4 K. These behaviors and the rather large residual resistivity were not affected by long-term annealing. On cooling from 7 K to 0.5 K, the specific heat divided by temperature C/T increased as Ϫln T and saturated to a rather large value of 0.2 J/mol K 2 . These experimental results are discussed in relation to the possible atomic disorder.
I. INTRODUCTION
Cerium-based equiatomic compounds CeTX, where T is a transition metal and X is a p-electron element, have received much attention in recent years because they exhibit anomalous physical properties such as heavy-fermion behavior, valence fluctuations, and hybridization gap behavior. 1 Most of CeTX systems with TϭRh exhibit valence fluctuations for various X elements Al, P, As, In, and Sb, [2] [3] [4] [5] [6] suggesting strong hybridization of the Ce 4 f state with the Rh 4d band. CeRhSn was also classified into the valence-fluctuating system, because the temperature dependence of the magnetic susceptibility is much weaker than the Curie-Weiss behavior expected for trivalent Ce ions 7 and the unit-cell volume is significantly smaller than that expected for trivalent-ion compounds on the basis of lanthanide contraction. [8] [9] [10] [11] Recently, more direct evidence for valence fluctuations has been given by x-ray photoelectron spectroscopy measurements by Ś lebarski et al. 12 Thereby, the Ce valence in CeRhSn has been estimated to be 3.07 at room temperature.
CeRhSn crystallizes in the hexagonal ZrNiAl-type structure. 11 Layers composed of Ce and Rh atoms alternate along the c axis with layers composed of Rh and Sn atoms. For polycrystalline samples, unusual magnetic properties have been reported. 12 Both the specific heat and magnetic susceptibility of an arc-melted sample showed distinct jumps at 6.2 K, in which the magnitude decreased by annealing at 800°C for eight days but still remained after the heat treatment for four weeks. Since no impurity phase was detected by powder x-ray and neutron-diffraction analyses, the phase transition at 6.2 K was attributed to a magnetic transition of a sort of magnetic phase produced by atomic disorder. At temperatures below 4 K, the specific-heat-divided temperature C/T followed the logarithmic temperature dependence, C/TϰϪln T. Furthermore, the electrical resistivity and magnetic susceptibility showed power-law temperature dependencies, (T)ϰT 0.75 and (T)ϰT Ϫ0.5 . These non-Fermiliquid behaviors were interpreted as the proximity of the ground state of this compound to a quantum critical point. 12 The proximity seems to originate from the Griffiths singularities as a consequence of the interplay between an intrasite Kondo effect and intersite Ruderman-Kittel-Kasuya-Yosida interaction in the presence of disorder and magnetic anisotropy. 13 For better understanding of the origin of the magnetic ordering and non-Fermi-liquid behavior in CeRhSn, it is important to study the magnetic and transport properties of single-crystalline samples because highly anisotropic behaviors are expected from the hexagonal ZrNiAl-type structure. For the isostructural compound CePdAl, e.g., the a-axis resistivity is approximately twice the c-axis resistivity over the temperature range 0.1-300 K, 14 and the c-axis susceptibility is one order-of-magnitude larger than the a-axis susceptibility at the Neél temperature T N ϭ2.7 K. 15 Furthermore, the geometrical frustration of the Ce moments in the c-plane quasi-kagomé lattice allows one third of Ce ions to remain paramagnetic even below T N . 16 Here, we report the thermal, transport, magnetic, and structural properties of singlecrystal CeRhSn. Preliminary results have been reported in a conference paper.
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II. EXPERIMENT
Single crystals of CeRhSn and its reference compound LaRhSn were grown with the Czochralsky method from the melt of stoichiometric amounts of the constituent elements in an rf induction furnace. We obtained crystals that were 5 mm in diameter and 40 mm in length. From the top to the end of the crystal rod of CeRhSn, no deviation of the composition from the stoichiometric one was detected by electron-probe microanalysis. However, the presence of a spurious phase of CeRh 3 of less than 1% was detected at the end of the rod. To examine the effect of annealing on the physical properties, half of the crystal rod was wrapped with tantalum foils, sealed in an evacuated quartz tube, and annealed at 900°C for three weeks.
The x-ray single-crystal data were collected using a Rigaku R-AXIS imaging plate area detector with graphite monochromated Mo K␣ radiation operating at 50 kV and 40 mA. A total of 55 oscillation images were collected using scans ͑width 5°and exposure time of 750 s per frame͒ and the raw intensity data were corrected for Lorentz and polarization effects, and for absorption by a Gaussian numerical integration using the measured dimensions of the crystal.
The electrical resistivity along the a and c axes was measured from 0.4 K to 300 K by a conventional four-probe method. The magnetic-field dependence of resistivity was measured up to 18 T for both transverse and longitudinal configurations. The Hall coefficient measurement was carried out by a dc technique in a field of 1 T on samples of 0.3 mm in thickness. The magnetic susceptibility for 2 KϽT Ͻ300 K was measured using a commercial superconducting quantum interference device magnetometer ͑MPMS, Quantum Design͒. The measurement of magnetization was performed down to 0.4 K with a Faraday force magnetometer at the Institute for Solid State Physics, University of Tokyo. 18 The specific heat was measured by an adiabatic method and a relaxation method for 0.8 KϽTϽ70 K and 0.5 KϽT Ͻ5 K, respectively.
III. RESULTS AND DISCUSSION
The crystal structure of CeRhSn was refined by a fullmatrix least-squares program using atomic scattering factors provided by the program package SHELXL-97. 19 The analysis confirmed that CeRhSn crystallizes in the ZrNiAl-type structure ͑space group P62m), and Ce, Rh1, Rh2, and Sn atoms occupy the 3 f , 1a, 2d, and 3g sites, respectively ͑see Fig.  1͒ . To obtain the crystallographic parameters, it was assumed that there was no disorder between Rh and Sn atoms. The closeness of the atomic numbers for Rh and Sn prevented us from determining the possible atomic disorder between them. Atomic coordinates and thermal parameters are listed in Table I . The atomic positions are in good agreement with previous ones determined by neutron powder diffraction. 12 It should be noted that the displacement parameter U 33 ϭ1.37 ϫ10 Ϫ2 Å 2 for Rh2 is twice or triple that of U 11 for Rh2 and U 33 for other atoms. Such an anisotropic displacement of the 2d site atom in the ZrNiAl-type structure was reported for YbPtSn. 20 It was interpreted as a result of the instability for the 2d site to split into two sites by forming a superstructure. However, our analysis of CeRhSn assuming a split position yielded no improvement of the reliability factor.
In order to consider the hybridization in CeRhSn from the viewpoint of the interatomic distances, we compare in Fig. 2 the lattice parameters for ZrNiAl-type rare-earth compounds RNiIn, RRhIn, and RRhSn, of which the Ce compounds show valence fluctuations. 2,8 -12 The hexagonal a parameters of the RRhSn series for RϭLa, Ce, Pr, and Nd are significantly smaller than those of RNiIn and RRhIn. Since the atomic radii of In and Sn are almost the same, this feature suggests the occurrence of strong hybridization in the basal plane of Rh2 and Sn atoms. In the series of RNiIn and RRhIn compounds, the a parameter for RϭCe deviates downward due to the valence fluctuations in the Ce compound. In the RRhSn series, however, the c parameter of CeRhSn contracts significantly. As a result of this contraction along the c axis, the distance between Ce and Rh2 (d Ce-Rh2 ϭ3.032 Å) out of plane becomes smaller than d Ce-Rh1 ͑3.084 Å͒ in the basal plane ͑see Fig. 1͒ . Furthermore, four Rh2 atoms are located at that distance, whereas only one Rh1 atom is nearby. This may lead to strong hybridization of the Ce 4 f state with the 4d band derived from the Rh2 atoms, and thus the valence-fluctuating state would be stabilized in CeRhSn. This conjecture is consistent with the bandstructure calculation, 12 in which the 4d-electron density of states just above the Fermi level is larger for Rh2 atoms than for Rh1 atoms. Figure 3͑a͒ shows the temperature dependence of magnetic susceptibility on the as-grown single crystal for B//a and B//c in Bϭ0.1 T. It is noteworthy that the annealed single crystal showed essentially the same results of (T) for TϾ2 K. With decreasing temperature, c increases steadily without showing any anomaly or maximum, while a stays almost constant down to 50 K and then increase. The ratio 12, 21 we measured (T) of the as-grown crystal in a field of 5 mT after zero-field cooling and field cooling. As is shown in the inset, both sets of data are identical and exhibit no anomaly near 6.2 K, and thus no magnetic transition occurs in our single crystals even in the as-grown state.
In Fig. 3͑b͒ crystalline sample in the temperature range from 2 to 30 K. 12 As a possible origin of the power-law behavior, non-Fermiliquid nature due to atomic disorder was proposed, 13 as mentioned in the Introduction. The Curie-like form observed for c (T)ϭ0.06/T 1.1 tempts us to estimate the effective number of unquenched Ce 3ϩ ions. If the Ce 3ϩ ions were in the crystal-field ground state of J z ϭϮ3/2 in the hexagonal structure, then they would give rise to a Curie constant of 0.621 emu K/mol. The observed Curie constant of 0.06 emu K/mol corresponds to a concentration of 10% for such Ce 3ϩ ions. On the other hand, the M (B) curve in the inset changes from a linear dependence at 10 K to a nonlinear dependence at 0.5 K. The intercept of the linear extrapolation of the M (B) curve at 0.5 K to Bϭ0 gives a value of 0.05 B /f.u., which is much smaller than the 0.13 B /f.u. expected for the saturation moment for 10% Ce 3ϩ ions in the J z ϭϮ3/2 state. Therefore, such an assumption of the presence of free Ce 3ϩ ions is oversimplified, and it is conjectured that the magnetic moments induced from atomic disorder are partially quenched by the Kondo effect. Figure 4 shows the temperature dependence of resistivity (T) for as-grown single crystals of CeRhSn and LaRhSn along the a and c axes. For LaRhSn, a sharp drop in (T) at 2 K is a superconducting transition that was reported previously. 22 Two remarkable features for CeRhSn are the large maximum in a (T) at 70 K and the high anisotropy, a (T)ϭ2Ϫ5 c (T), over the whole temperature range. Both are more significant than those found in a valence-fluctuating system CeNiIn with the same type of crystal structure. 23 The large maximum in a (T) can be attributed to the Kondo scattering of conduction electrons by 4 f electronic states, in view of the very weak anisotropy for LaRhSn. In fact, the magnetic contribution to the resistivity, ma ϭ a (CeRhSn) Ϫ a (LaRhSn), is proportional to Ϫln T at high temperatures, as is shown in the inset of Fig. 4 . The characteristic Kondo temperature T K is the order of 100-200 K. It is interesting to note that the overall temperature dependence of a (T) for CeRhSn is similar to that reported in Ref.
12 for a polycrystalline sample, while c (T) is similar to that reported in Ref. 24 . This may reflect the texture of polycrystalline samples prepared by arc melting. However, the fact that the values of residual resistivity, a ϭ134 ⍀ cm and c ϭ44.8 ⍀cm, are larger than those reported for polycrystalline samples 12, 24 cannot be explained by the effect of texture. We observed no decrease in the residual resistivity by annealing at 900°C for three weeks, as is presented in Fig. 5 . In addition, the upward deviation in c (T) for TϽ7 K remains after the long-term anneal. The inset of Fig. 5 shows the fit of the low-temperature data with the equation (T) ϭ 0 ϩAT n . The values for n are 1.5 and 1.0 for a and c , respectively, which are larger than the nϭ0.75 reported for a polycrystal. 12 If the residual resistivity arises from coherent spin fluctuations, then application of sufficiently high magnetic field would suppress the spin fluctuations, and thus depress the resistivity significantly, as was observed in CePdAl. 25 Keeping this in mind, we measured the resistivity of CeRhSn in fields up to 18 T for both transverse and longitudinal configurations. The data of (T) in various constant fields are shown in Figs. 6͑a͒ and 6͑b͒ for I//c and I//a, respectively. For all configurations, a positive shift is seen. We also measured the field dependence of resistivity at constant temperatures. At 2 K, the magnetoresistance as a function of B//c is roughly proportional to B 2 for both I//a and I//c. The effect for B//c is much larger than that for B//a, which is understood by considering the high anisotropy of the magnetic susceptibility c ӷ a . In zero field, c (T) deviates upward from the linear behavior on cooling below 10 K. This deviation is suppressed upon increasing B above 15 T for B//c, while it remains for B//a. This field quench of the upward deviation suggests that there is an additional scattering mechanism originating from electronic spins with a characteristic temperature of 10 K. Figure 7 shows the temperature dependence of the Hall coefficient R H for B//a (I//c) and B//c (I//a). In contrast to the monotonic increase of R H (B//a) with decreasing temperature, R H (B//c) exhibits a strong temperature variation with a positive maximum at 150 K and a negative minimum at 20 K. The high-temperature data above 160 K can be reproduced by the expression, R H ϭR 0 ϩ␣ m , where R 0 is the ordinary Hall constant and m is the magnetic contribution to the resistivity. 26 As is shown in the inset, the linear extrapolation of the R H (B//c) vs m plot to m ϭ0 yields R 0 ϭϪ1.0ϫ10 Ϫ3 cm 3 /C, which corresponds to a concentration of electron carriers of 0.37/f.u. For Ce-based Kondo or valence-fluctuating compounds, R H (T) at high temperatures is governed by skew scattering which gradually decreases as the coherence sets in. 27 This picture explains the gradual decrease in R H (B//c) for TϽ100 K. However, the sharp upturn below 20 K is unusual for a valence-fluctuating compound, but resembles the behavior reported for a disordered Kondo alloy CeCu 5Ϫx Ga x at TϽ20 K, which was attributed to the anomalous velocity contribution. 28 Figure 8 shows the temperature dependence of the specific heat divided by temperature C/T for the annealed crystal of CeRhSn and the as-grown crystal of LaRhSn. With decreasing temperature, C/T for CeRhSn exhibits a minimum at 7 K, which is followed by the so-called non-Fermiliquid behavior, C/TϰϪln T. Below 0.7 K, however, C/T is saturated to a rather large value of 0.2 J/mol K 2 . This saturated behavior is dissimilar to the divergent behavior in nonFermi-liquid systems. It should be noted that the data have no anomaly at about 6.2 K, inconsistent with the previously reported one with a distinct jump, which remained after the anneal for eight days. 12 We confirmed that a polycrystalline sample annealed at 950°C for seven days showed no anomaly in the specific heat at 6.2 K either. In Fig. 8 , the jump in C/T at 2 K for LaRhSn is associated with the superconducting transition. The magnetic entropy due to 4 f electrons in CeRhSn was calculated by subtracting the data of C/T for LaRhSn from that of CeRhSn. With increasing temperature, the magnetic entropy passes through a plateau of 0.3 R ln 2 at around 30 K, where R is the gas constant, and reaches 0.85 R ln 2 at 70 K, the highest temperature of our measurements. This magnitude of the magnetic entropy is consistent with the Kondo temperature of 100-200 K estimated from the ln T dependence of m (T).
In the inset of Fig. 8 On the other hand, the strong upturn in C/T on cooling below 7 K indicates the presence of low-energy excitations with a characteristic temperature of approximately 7 K. This temperature is close to the temperature at which the c-axis resistivity deviates upward from the linear dependence ͑see Fig. 6͒ . It is recalled that at about 7 K the power for c (T)ϰT
Ϫn changes from nϭ0.45 to nϭ1.1 ͑see Fig. 3͒ . The subtraction of the hypothetical T 2 dependence of C/T as drawn by the broken line from the observed data of C/T gives an estimation of the excess entropy to be 0.45 J/molK, which is equal to 0.08 R ln 2. If this is attributed to Ce ions with a magnetic doublet ground state, then its concentration becomes 8% of the total Ce ions. This is in agreement with the fraction of 10% of Ce 3ϩ ions estimated from the analysis of c as was described above.
One possible origin for the non-Fermi-liquid-like behavior observed below 7 K is the atomic disorder, as was proposed by Ś lebarski et al. 12 Although direct evidence of atomic disorder in CeRhSn has not yet been obtained, the presence of atomic disorder in an isostructural compound URhSn was suggested by the broad distribution of the hyperfine field at the Sn nucleus measured by 119 Sn Mössbauer spectroscopy. 30 Whereas the degree of such disorder in the Rh-Sn plane in CeRhSn might depend on the heat treatment, no effect of the annealing at 900°C for three weeks was observed in either the electrical resistivity or the magnetic susceptibility of single crystals. The present x-ray-diffraction analysis led to a very large value of the atomic displacement parameter only along the c axis for Rh atoms in the Rh-Sn plane, which may be related to the instability of the ZrNiAltype structure. On the other hand, an anomalous increase in the c/a ratio on cooling below 120 K was found from neutron powder-diffraction experiments. 12 Further refinement of the crystal structure at low temperatures would be necessary to understand the anomalous physical properties of this compound.
IV. SUMMARY
We have reported a set of measurements of x-ray diffraction, magnetic susceptibility, electrical resistivity, magnetoresistance, Hall coefficient, and specific heat on single crystals of CeRhSn. The structural analysis suggested that the Ce 4 f state is strongly hybridized with the 4d band derived from the Rh2 atoms, consistent with the previous band-structure calculation. 12 This out-of-plane hybridization in the hexagonal structure may be responsible for both the anisotropic resistivity and valence-fluctuating behavior with the characteristic temperature of 200 K. On cooling below 7 K, some sort of low-energy excitation manifests itself in the following behaviors. The resistivities along the a and c axes, respectively, deviate downward and upward from the extrapolation from high temperatures. The c-axis susceptibility exhibits a Curielike behavior down to 0.4 K. Furthermore, the specific heat divided by temperature turns up below 7 K, and saturates to a rather large value of 0.2 J/mol K 2 at 0.5 K. Therefore, CeRhSn is a rare example of low-energy excitations manifesting themselves at low temperatures in the valencefluctuating state. Such a phenomenon has been recently found in a Ce-filled skutterudite CeRu 4 Sb 12 , 31,32 but its origin is not yet been understood. In all measurements of the single-crystal CeRhSn, no distinct anomaly was observed at about 6.2 K, in contrast to the previous report on a polycrystalline sample. 12, 21 The large value of the residual resistivity was not decreased by the annealing at 900°C for three weeks. On the other hand, application of magnetic fields up to 18 T yielded a positive magnetoresistance. These observations suggest that the low-temperature anomalies in CeRhSn originate not from coherent spin fluctuations but from some sort of disorder in this compound. In order to study the type of disorder and its role in the low-energy excitations, microscopic studies using NMR and muon-spin relaxation are in progress.
